Introduction
A large number of masonry industrial chimneys, symbols of the industrial period, are located in old 2019 The Author(s) Published by the Royal Society. All rights reserved.
General considerations (a) Functional and constructive characteristics
The main function of an industrial chimney is the evacuation of the combustion gases. With varying heights, the vast majority of the industrial chimneys are in brick masonry and are quite slender. Chimneys are basically made of three parts: base, stack and crown. The base, which does not exist in some industrial chimneys, is the lower element placed between the stack (the main body of the chimney) and the foundation. It, typically prismatic, involves the outer surface of the stack and can present different plant shapes, namely, quadrangular, octagonal or circular, and may include decorative elements on the sides and in the transition to the stack [4] .
In most of the industrial chimneys, the stack has a truncated cone shape. However, there are stacks with truncated pyramid shapes with square or octagonal cross sections, for example. The circular shape made it easier to evacuate the gases, but also offered less resistance to the wind, one of the main actions for which these structures were originally designed to resist. On the other hand, the circular shape implied a lower consumption of material, although in this case the bricks had a rounded shape to adapt themselves to the chimney's geometry. The crown is the upper part of the stack and finishes the chimney; its function is purely ornamental and it usually contains bricks arranged differently from the stack (figure 1).
The total height of the industrial chimneys in Portugal usually varies between 20 and 30 m. Industrial chimneys over 30 m, such as those shown in figure 1, are usually associated with important industrial companies. The height of the industrial chimneys also depends on the surroundings, since it should guarantee that nearby populations would not be affected by the smoke. The binder used in the masonry was usually lime mortar, although cementitious mortars are also found in more recent industrial chimneys. In fact, after the invention of Portland cement, Portuguese twentieth-century constructions had the lime mortar replaced by cement mortar.
According to archive documents, such as the one shown in figure 1c , the foundations of these industrial chimneys were made of a bottom layer of concrete, which received a massive block of stone masonry, and on the top of it, the masonry of the chimney base or stack. The stack is composed of several layers of brick rows and is divided into equal parts with constant thickness, herein designated by sections. The height of the sections depends on the total height of the chimney. The first and lower section is wider and thicker, i.e. the one with the largest number of brick rows along the thickness. On the perimeter and through the height of the chimney, there are bricks arranged in the transverse direction, which link the different brick rows of the chimney's walls. The transition between each two successive sections corresponded to the reduction of the chimney walls' thickness of one brick. Usually, the top section of the chimney had a thickness of two bricks, i.e. of around 0.22 m. When there is a well-defined crown, the outer decorative work suggests an apparent higher thickness.
(b) Structural characteristics
Traditional industrial chimneys were designed to sustain their self-weight and the wind forces. One should note that the circular shape of most of the stacks is particularly favourable to the wind forces, as it reduces their impact on the structure. Therefore, the stability of an industrial chimney was guaranteed by imposing that the stabilizing effect of the chimney's self-weight was greater than the overturning effect of the wind forces. The safety verification corresponded to ensuring that, when the chimney received the strongest wind, the resultant force at the bottom of each section of the stack was applied inside the kern of the corresponding cross section, ensuring that the whole masonry was always compressed. Although the original design did not take into account the effect of seismic forces, it has to be considered whenever evaluations are performed to verify the chimney's actual safety conditions [6, 7] . Industrial chimneys, particularly those isolated from other elements, are vertical cantilever structures with hollowed core cross sections. This is critical for their structural behaviour, namely, because (i) it could make second-order effects important when verifying the static equilibrium conditions, especially for the highest chimneys and (ii) it can give chimneys a very limited capacity to redistribute forces when local damage occurs [8] . Finally, under tensile forces, brick masonry is a quite fragile material with low-resistant capacity, making brick masonry industrial chimneys particularly vulnerable to horizontal actions, namely, wind and seismic forces.
Analysed chimneys (a) Geometric characteristics
In this research, the authors used the data provided by the survey of 10 brick masonry industrial chimneys that were inspected by Consultancy and Rehabilitation of Built Heritage, Lda (NCREP). The main geometric characteristics of these chimneys are presented in table 1. They all have a truncated cone shape stack and, when it exists, a quadrangular plant base. The chimneys are referred to as 'Ch' followed by an index constituted by a letter indicating its provenance (N: North of Santarém; S: South of Santarém-Santarém being a town around 100 km to the North of Lisbon) and a number of increasing order in agreement with the increasing total height of the chimneys.
The thickness of the chimneys' walls was assessed at the smoke entrance hole that exists at the bottom of the chimneys. When the base exists, the hole is usually located at the middle of the base width, and in this case, the thickness of the lower section of the stack in metres was estimated by equation (3.1) .
This equation assumes that tf is equal to the base thickness minus the differential between the base and the stack plant dimensions and the thickness of one brick (approximately 0.11 m), since archive documents show that the transition between the base and the stack is made with the reduction of the radius of the inner circumference of one brick [2] .
(b) Relationship between geometric characteristics
The data presented in table 1 show that the slope of the stack varies slightly, assuming values between 1.8% and 2.5% regardless of the height of the chimney. The existence or not of a base next to the foundation does not seem to be related to the height of the chimneys. On the other hand, there is a clear relationship between the height H and the size of the chimney near the foundation, L or D, which reflects itself in a slenderness ranging from approximately 9 to 13. The graph in figure 2 illustrates this relationship.
The analysis of this data also shows that there is a fairly linear relationship between the diameter and the thickness of the stack walls, as shown by the graph in figure 3 . This relationship expresses the existence of relatively uniform criteria in the design of these structures. As referred to before, the stability of a chimney was guaranteed by imposing that the stabilizing effect of the chimney's self-weight was greater than the overturning effect of the wind force, i.e. that the resultant vertical force on each cross section was located within the kern of the cross section.
(c) Damage
The inspections of the industrial chimneys allowed not only assessing the geometrical characteristics that are noted above, but also recording of the main damage. Industrial chimneys can be particularly sensitive to damage, since they are isostatic structures with little capacity to redistribute forces. It is not the intention of the authors to present each chimney's damage, but to describe, in general terms and without being exhaustive, the damage that was found on the analysed chimneys and that are most prevalent on these type of structures and organize them according to three possible origins, or effects: material degradation, fracture and deformation. Material degradation is a phenomenon that is inherent to all materials. Its extension depends mainly on the materials' quality and exposure to climate conditions. The industrial chimneys are particularly sensitive to weather and climate since they have a very large inner and outer exposed surface, which results in area to volume ratios between 1 and 2 m −1 . However, the two surfaces are exposed differently. While the inner surface was mostly exposed to the moisture and high-temperature conditions of the smoke during the activity of the industry, the outer surface was exposed to the climate and air conditions. The material degradation is mostly visible on the disintegration of the mortar and the desegregation and spalling of the bricks. This process is accelerated by the porosity of the materials and the presence of salts, either in the air, due to the proximity to the sea, for instance, or in the mortar itself and that migrates to the material's surface causing efflorescence and progressive degradation [9] .
Fractures appear in the brick masonry mainly due to the degradation of the material and the exposure to climatic conditions such as wind, temperature and moisture. Especially, temperature and moisture are the main factors that promote the expansion of the material and generate internal forces. Such forces may introduce tensile stresses that cause fractures, mainly in the longitudinal direction, and loss of material. The high moisture and heavy temperature of the smoke inside the chimneys, while they were active, compared to the conditions of the outdoor air, also contributed to the development of fractures. Material degradation and fracture may also justify the deformation/curvature observed on the axis of some stacks. Usually, this deformation evolves from material degradation and differential expansion of the mortar and (or) bricks due to the different exposure to sun and wind (e.g. higher moisture and lower temperature on the northside). The seasonal variation of air temperature and moisture and of the solar orientation also causes deformations, although variable during the year, and so not permanent.
(d) Material characteristics
The evaluation of the safety conditions of an industrial chimney, as for any other structure, demands the knowledge or the estimation of the mechanical characteristics of the structural material. For the chimneys of this work, except for Ch_N7, these characteristics were assessed through the application of a dynamic identification procedure, using ambient vibration as a source of excitation and accelerometers to record the chimney's motion/accelerations [10] . The structural modal frequencies and, in some cases, the corresponding mode shapes are assessed by converting the recorded time history accelerograms into the frequency domain. The dynamic identification procedure estimates the material stiffness of a structure by fitting the dynamic behaviour of a numerical model representative of the structure to the assessed vibration frequencies. For some chimneys, only the frequency of the first mode of vibration in the two main horizontal directions (referred to as x and y orthogonal) was identified. In some other cases, the frequencies of the second and, sometimes, the third modes of vibration in the same two directions were also identified, as presented in These values show that, although the analysed chimneys are apparently axisymmetric, or doubly symmetric when they have a square base, some present differences on the modal frequencies for the two horizontal directions, x and y. However, for the case studies, and with the exception of Ch_S1, the differences were lower than 10%. Usually, there are geometric and (or) material asymmetries that explain these differences, namely, the existence of different constraints to the motion of the chimneys at the bottom, the location of the smoke entrance hole, or the higher material damage that occurred on a particular side of the chimney. Nevertheless, the reasons are not always clear and perceptible. In any case, the results point to the existence of a correlation between the geometric characteristics of the cross sections of the stack and the frequencies of the first mode of vibration identified on-site.
To verify this correlation, the authors defined a parameter α based on the main geometric and material characteristics of a chimney that are related to its first vibration frequency, i.e. on the chimneys' stiffness for transversal displacements and mass. Taking this into consideration, and considering the chimneys as vertical cantilevers with constant cross section, α, in s −1 , was defined as the square root of the ratio between the chimney's bending stiffness for transversal displacements, assumed proportional to (E · I/H 3 ), and their mass, assumed proportional to (ρ . A . H), being I and A, the inertia and the area of a cross section of the chimneys, and E and ρ, the modulus of elasticity and the specific mass of the material, respectively. Thus, selecting the cross section at the bottom of the chimney's stack as a reference for I and A, and using R e and R i for the external and internal radius of the swept circle of the stack cross section, the parameter α becomes
where k represents the square root of the ratio (E/ρ) in m s −1 , which should be estimated. The graph in figure 4 represents the relationship between the geometric parameter α, assuming k = 10 3 m s −1 , and the average frequency of the first mode of vibration considering the two orthogonal directions, x and y. The results show a quite good correlation between these two values, in particular for the higher frequencies. Note that Ch_N4 (marked on the graph with the white diamond mark), although it was represented in the graph, was not considered in the calculation of the represented correlation line as it was too far from the trend given by the other chimneys. For this chimney to fit this trend, the ratio k should be around twice the adopted value, i.e. the specific mass of the masonry should be much lower compared with its elasticity modulus. Although some research was done, no specific reason for this result was found. As mentioned above, it is possible to estimate the elasticity modulus of the brick masonry by calibrating the numerical model of each of the chimneys to fit the assessed vibration frequencies. By assuming a fixed density for the brick masonry (ρ = 17 kg m −3 ), the elasticity modulus is determined by adjusting the modal frequencies of the numerical model to fit the experimental results; when the assessed information allowed the identification of the mode shapes, the calibration was also done using this data as well [10] . The chimneys were simulated numerically using volumetric or shell finite elements. To allow the adjustment to be more effective, the most important cracks were simulated by reducing the elasticity modulus (at least 50% of reduction) at the locations where they occurred. Different types of masonry were also considered in the numerical models, whenever the masonry exhibited different textures and (or) degradation. The existence of masonry sections within the same chimney with a different appearance, in particular bricks, is not a rare situation, leading the observer to believe the chimney was made by the superposition of bricks with different characteristics. This was observed during the inspections that were carried out on some of the chimneys, and it was never related to any particular occurrence during the lifetime of the chimney, such as retrofitting, repair, reconstruction or any other kind of intervention. Thus, it may simply result from using bricks from different batches. Table 3 shows the modal frequencies obtained with the numerical models after adjusting the elasticity modulus E of the masonry to fit the experimental vibration frequencies. In the cases where the adjustment occurred distinguishing the coexistence of sections of the stack made of masonry with different characteristics, the elasticity modulus presented in table 3 corresponds to the average weighted by the lengths of the sections where the different elasticity modulus occurred. The elasticity moduli of the 10 chimneys vary between about 1.5 GPa and 5.0 GPa, within the range of plausible values for a brick masonry [8] .
Note that there is a quite direct link between the modulus of elasticity and the compressive strength of a masonry, which allows estimating its bearing capacity. In particular, it is commonly accepted that the ratio between the elasticity modulus and the compression strength of brick masonry varies between 700 (old brick masonry) and 1000 (new brick masonry) [8, 11] . By knowing this, one can also estimate an average compression strength for the masonry by knowing its elasticity modulus.
Intervention (a) General interventions
Apart from the safety evaluation that will be referred to later and that may imply the implementation of structural retrofitting solutions, there are general measures that may be applied to brick masonry. This section intends to present some general interventions, without being either exhaustive or novel. Whenever there is material degradation, the substitution or consolidation of degraded mortar and (or) bricks and the closing/repairing of cracks/fractures through mortar injection are measures that fall within the group of general measures that are commonly implemented [5] . In some cases, in particular when the crowns are heavily damaged, the complete rebuilding of these parts is foreseen. Nevertheless, any new materials that may be adopted in the solutions should be physically and chemically compatible with the existing mortar and bricks. This is especially important when repairing traditional masonry bricks. If concrete-based mortars are used, in the presence of water the bricks absorb the diluted salts from the mortar, accelerating their own degradation.
The substitution of degraded mortar by new mortar, referred to as repointing, is not only a repair solution, as it increases the strength of the masonry and improves its mechanical behaviour by improving the contact between brick rows [12] . Note that the longevity of walls made of lowfired bricks, which is often the case in chimneys, depends on the maintenance of a permeable joint system that allows the masonry to dry rapidly after rain. Furthermore, the repairing mortar should have the same mechanical characteristics as the original one and, ideally, a similar thermal expansion coefficient as bricks to avoid transferring stresses to bricks due to temperature variations. On the other hand, mortars stiffer than bricks prevent bricks from cracking under compression forces.
These measures can be complemented with the confinement of the masonry, namely, by implementing exterior bands/rings, using steel, for instance, around the stack to contain and 'stitch' fractures, and to prevent future cracks from appearing. Similar to repointing, these solutions also improve the mechanical behaviour of the masonry by increasing its stiffness and strength, although little information exists concerning the quantification of that improvement [12] .
(b) Safety assessment
Although the previous measures improve the performance of masonry, they may not, by themselves, guarantee the structural safety conditions of a masonry chimney. As mentioned above, these structures were originally designed to withstand their self-weight and wind forces; the seismic forces were not considered, and the actual design code wind actions are more burdensome. Therefore, safety evaluation analyses must always be performed to compute the effects of the actual code seismic and wind actions, namely, by using the numerical models constructed based on the on-site assessed geometric characteristics and using the material properties calibrated through the dynamic identification procedures referred to before. The following paragraphs refer to the procedures that are used to perform safety evaluations on industrial chimneys, but without detailing the action values or the results of the structural analysis of each of the analysed chimneys.
According to the regions where the industrial chimneys are located, the national codes indicate which design wind forces to apply and design spectra to consider for the seismic forces [13, 14] . In the case of the wind, the analysis is commonly static and the critical cross sections (i.e. where the maximum stresses occur) are, typically, the bottom cross sections of the stack and (or) the cross sections between adjacent sections of the stack, as they correspond to abrupt decreases of the walls' thickness. Note that, because of the isostatic configuration of the chimneys, the internal bending moments and forces on each cross section can be estimated by direct resolution of a cantilever vertical bar acted by the self-weight and the wind forces, given by the design code, applied perpendicular to the bar axis. The weight of the chimneys is considered without any increasing factor, as it has a favourable effect on the stability of the chimneys. However, this kind of analysis does not take into account eventual local effects produced by cracks, for instance. If these issues are important, they should be simulated using more detailed analysis, e.g. using finite-elements models [2] . Second-order effects may be considered regardless of the type of analysis that is adopted. In the case of seismic actions, and because the structures respond according to their dynamic characteristics, namely, the modal frequencies associated with each mode shape, the internal forces/stresses generated by the design seismic action have to be computed using the numerical model with the material properties calibrated through the application of the dynamic identification procedures referred to in §3d. The internal forces/stresses are calculated by modal combination using spectral analyses and a linear elastic behaviour model for the masonry or by performing time history analyses using linear or nonlinear material behaviour models [6, 7] . If no seismic actions are considered on the vertical direction, as it happens to structures located in the mainland of Portugal, the only vertical forces applied to the chimneys are their self-weight. The critical cross sections for the seismic action may not coincide with those of the wind action. Figure 5 shows the vertical tensile stresses at the chimney CH_S1 due to the design wind and seismic actions, combined with the self-weight computed on a numerical model with the material stiffness calibrated through dynamic identification; the model was built using shell finite elements and considers a linear elastic material behaviour law. The pictures show that the maximum vertical tensile stresses for the two actions occur in different cross sections of the chimney. While the critical cross sections for the wind are located mostly near the bottom, in the case of the seismic action they are located closer to the top, at about two-thirds of the total height of the chimney. This upper location of the critical cross section for the seismic action is due to the important participation of the second vibration mode in the seismic response, which presents a modal shape with high curvatures with smaller cross sections around that zone, as illustrated in figure 5d .
Note that, although masonry has tensile fragile behaviour with low-tensile strength, which demands the use of nonlinear material behaviour laws in the calculations, design offices avoid complex and costly analyses and do not commonly use such type of models in safety evaluations. If no tensile stresses are generated in the chimney due to both earthquakes and wind or they are lower than the tensile strength of the masonry, the results of the calculations using linear elastic models are considered to give a good estimation of the stresses' distribution on the chimney. On the contrary, if the tensile stresses exceed the maximum tensile strength of the masonry, either a nonlinear behaviour model is used or a supplementary analysis must be done to estimate the level of compression forces on the critical cross sections and, furthermore, the extension of the transversal crack. With that purpose and still avoiding too complex and costly analyses, the authors propose the use of plane fibre-type models to detail the behaviour of single cross sections [15] .
These models allow determining the distribution of axial stresses within a cross section that guarantees the equilibrium for a given combination of bending moment and axial force. The axial stresses are computed based on a given axial stress-strain material behaviour law that is established at the level of the fibres. The authors consider simple behaviour laws: linear elastic, using the elasticity modulus calibrated through the dynamic identification procedures referred to in §3d, with fragile tensile rupture for very low or even zero tensile strength (i.e. sudden drop to zero stress when the tensile strength is reached). Thus, once the cross section is divided into smaller elements that represent the fibre cross sections, the model determines the axial deformation and the rotation (considering the hypothesis that plane sections remain plane) that generate axial stresses on each fibre that equilibrates the axial force and bending moment.
If a bar model is used for the structural analysis, both axial force and bending moment on each cross section are obtained directly from the calculation. When the chimney is simulated using finite-element models, the bending moment on a cross section, with area A and flexural modulus W, corresponds, approximately, to the value M that, together with the axial force N (in the case of the chimneys, N is equal to the self-weight of the upper part of the structure), gives the peak axial stress σ generated by the numerical analysis for that cross section: Then, knowing N and M, the geometry of the cross section and the behaviour material law for the material, respectively, the fibre model computes the new distribution of axial stresses in the cross section, namely, the maximum compression stress and the area of the cross section with zero stress, i.e. inactive, estimating the fracture extension. If the maximum axial stress overcomes the masonry strength, the same model allows determining the amount of vertical reinforcing elements (e.g. steel bands, figure 6 ) that needs to be applied to the stack to ensure that the stresses in the masonry decrease to values lower than its strength capacity. This is done by introducing in the fibre model new fibres externally to the stack cross section, with material behaviour laws in agreement to the reinforcement characteristics. Note that, although this is a common, low intrusive and reversible strengthening solution for bending, there are other ways of ensuring reinforcement of the chimneys, namely by using helical bands (usually of fibre-reinforced polymer (FRP) composites since they are more flexible and easily adaptable to the stack shape).
As an example, figure 7 shows the behaviour of the bottom cross section of the stack of the chimney Ch_N8 without steel, represented by the bending moment versus maximum compression stress curve 'no steel'. The points of the curve were computed using a plane fibre model, an axial force equal to the total weight of the stack, N = 4500 kN, and a stress-strain behaviour law that is linear in compression (E = 4.70 GPa, table 3) and has zero strength in tension. The cross section was divided into 40 slices/fibres for the deformation/stress control.
The same graph presents the behaviour curves for the same cross section, using the same fibre model, for two reinforcing solutions with vertical steel bands equally distributed along the perimeter of the stack, following a solution similar to the one shown in figure 6: using four bands with 16 × 1 cm 2 ('1× steel') and eight bands with the same cross section ('2× steel'). These analyses assume that the bands only respond to tensile strain, since they can easily buckle (an assumption introduced in the bands' behaviour law) and that they are only active after the application of the self-weight of the structure, simulating what happens on-site when the solution is implemented.
The graph of figure 7 shows that the cross section in the original situation (no steel) resists a maximum bending moment that can go up to about 8.0 MNm, depending on the maximum stress allowed by the masonry, i.e. on the masonry strength. Moreover, it shows that the reinforcement with vertical steel bars will only be effective, i.e. will only increase the cross section bending moment capacity if the masonry strength is greater than about 1.0 MPa. The decision to strengthen, or not a cross section, i.e. a certain length of the stack, depends on the bending moment and axial force on the cross section and on the masonry compression strength, which can be estimated through the elasticity modulus of the masonry determined by dynamic testing, as mentioned above. For the present example, if one considers the conservative value of 1000 for the ratio between the modulus of elasticity and the compression strength of the masonry, and the safety factor γ m = 2.5 [11], the masonry design compression strength σ cd = (E/1000)/2.5 = 1.9 MPa. Considering a maximum stress equal to σ cd , the graph indicates that the design resisting bending moment of the cross section, without any reinforcement, is about 6.5 MNm and around 7.0 MN/m and 7.5 MNm when the two considered strengthening solutions are implemented, respectively. The comparison between these values and the design bending moments imposed by the selfweight combined with the wind and the seismic actions will decide the need to strengthen the chimney section and, if necessary, the amount of reinforcement.
Finally, the graph of figure 8 plots, for the conditions described for the graph of figure 7 , the percentage of compressed/closed cross section area as a function of the maximum compression stress on the masonry. This shows that, although the vertical reinforcing steel bands may considerably increase, under certain conditions, the bending moment resisting capacity of the cross section, they do not change significantly the percentage of the cross section active area, which, for the design strength estimated for this masonry, 1.9 MPa, could decrease to around 45%.
Final considerations
This work presents the results of the survey of the geometric characteristics and the dynamic identification of the mechanical properties of the materials of 10 brick masonry industrial chimneys in Portugal and involved the work of NCREP-Consultancy and Rehabilitation of Built Heritage, Lda. On-site structural inspections were carried out, namely, geometric and material surveys, and archive documents concerning the design and construction of these structures were analysed. Moreover, the mechanical characteristics of the brick masonry were estimated through the application of dynamic identification procedures and using simple linear relationships between strength and deformability. This practice allowed constructing more reliable numerical models that were used to assess the bending moments and axial forces on the various cross sections of the industrial chimneys when submitted to their self-weight and to the wind and seismic forces. Although designers usually perform these analyses by using linear elastic behaviour models, the safety verification of the cross sections, namely, the determination of their resisting bending moments, must be done considering nonlinear material behaviour laws. For this purpose, the authors propose the use of plane fibre-type models and the consideration of tensile fragile behaviour laws with very low or even zero tensile strength for the masonry.
As an example, this work presents the evaluation of the resisting bending moment of the cross section at the bottom of the stack of one of the industrial chimneys that is analysed. The cross section behaviour curve, i.e. the bending moment versus maximum compression stress curve, is drawn for the original section and after introducing vertical reinforcing steel bands equally distributed along the perimeter of the stack, a common reinforcement solution of industrial chimneys for bending. The results show that the introduction of the steel vertical bands is only efficient, i.e. only increases the resisting capacity of the stack to bending moments, if the compressive strength of the masonry goes beyond a certain value, which depends on the cross section characteristics. It also shows that the implementation of vertical steel bands does not significantly change the area of the cross section that is actually compressed.
Finally, this work analysed the assessed geometric characteristics of the 10 industrial chimneys, concluding that there are good correlations between the height, the diameter, and the wall thickness of the chimneys and that these parameters are also well correlated with the first vibration frequency of these structures.
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